Abstract: Nanoparticles (NPs) are nano-sized particles (generally 1-100 nm) that can be synthesized through various methods. The wide range of physicochemical characteristics of NPs permit them to have diverse biological functions. These particles are versatile and can be adopted into various applications, particularly in biomedical field. In the past five years, NPs' roles in biomedical applications have drawn considerable attentions, and novel NPs with improved functions and reduced toxicity are continuously increasing. Extensive studies have been carried out in evaluating antibacterial potentials of NPs. The promising antibacterial effects exhibited by NPs highlight the potential of developing them into future generation of antimicrobial agents. There are various methods to synthesize NPs, and each of the method has significant implication on the biological action of NPs. Among all synthetic methods, green technology is the least toxic biological route, which is particularly suitable for biomedical applications. This mini-review provides current update on the antibacterial effects of NPs synthesized by green technology using plants. Underlying challenges in developing NPs into future antibacterials in clinics are also discussed at the present review.
Nanoparticles and Green Technology
Nanoparticles (NPs), also known as nanomaterials, are small on a molecular scale and have various physical and chemical properties. Some examples of NPs are made up of metals ions such as Au, Ag, Pd, Pt, Zn, Fe, and Cu, and metal oxides such as Ag 2 O, NiO, ZnO, CuO, FeO, and CeO 2 . The advancement of nanotechnology has also given rise to the development of various nanocomposites, which are multiphase solid materials consisting of multiple types of NPs and polymers to improve single-metal biological effects and overcome structure-function related issues [1] . Multiple biological actions of the NPs such as antibacterial [2, 3] , antioxidant [2, 4] , anticancer [5, 6] , antifungal [5, 7] , antiviral [8, 9] , antiparasitic [10, 11] and anti-inflammatory activities [12, 13] have been associated with their highly diverse chemistry-rich characteristics [14] . There are myriad ways of synthesizing NPs, including physical (e.g., vapor deposition [15] The generated NPs can be utilized in various biomedical applications including imaging, biosensors, diagnostics, biological therapies, drug delivery, bioconjugation, and hyperthermia.
Generally, synthesis of NPs by biological routes has several advantages over both physical and chemical methods. First, the process is relatively simple, easy to scale up, efficient, and it consumes lesser energy [26] . Second, green technology is environmentally friendly as it uses lesser toxic chemicals and generating safer products and byproducts [54] . The green method is suitable and The generated NPs can be utilized in various biomedical applications including imaging, biosensors, diagnostics, biological therapies, drug delivery, bioconjugation, and hyperthermia.
Generally, synthesis of NPs by biological routes has several advantages over both physical and chemical methods. First, the process is relatively simple, easy to scale up, efficient, and it consumes lesser energy [26]. Second, green technology is environmentally friendly as it uses lesser toxic chemicals and generating safer products and byproducts [54] . The green method is suitable and applicable for production of food, pharmaceuticals, and cosmetics [55] . Comparatively, the green method produces NPs that are generally less toxic, the end products being more suitable for a wide range of biomedical applications [26, 56] . Chemical and physical methods can be very costly and usually involve the use of toxic and hazardous chemicals which tend to be more toxic to human cells. Additionally, the green method does not strictly require high temperature, pressure, and energy [57] . However, several parameters such as pH, chemical concentration, reaction time and reaction temperature are critical to consistently produce biologically functional NPs [58] [59] [60] [61] . Furthermore, unlike using microbial system, generation of NPs from plants do not have to maintain microbial culture hence reducing the costs for microorganism isolation and culture media preparation [54] . The NPs generated from plants generally have size ranging from 1 to 100 nm (Table 1 ). There are also relatively large NPs that have sizes ranging from 100 to 500 nm [2, 62, 63] . NPs generated by all type of methods result in impurities that mainly cause toxicity to the human cells. These impurities can be removed by dialysis and filtering. The plant-derived NPs are less toxic, as shown from toxicity testing across several mammalian cell lines such as NIH3T3 [4] , HEK293 [3] , and primary cells such as peripheral blood mononuclear cells (PBMCs) [63] and rat aortic vascular smooth muscle cells (VSMCs) [4] .
There is an extensive list of NPs possessing various biological actions as mentioned above. However, the focus of this review emphasizes the NPs' antibacterial activities. This short review provides updates on the recent NPs with promising antibacterial activity synthesized by green technology using whole plant or other extracts of plants such as leaves [5, 63] , fruits [64, 65] , roots [66, 67] , barks [62, 68] , seeds [69, 70] , rhizomes [71, 72] , peels [73, 74] , flowers [75] , and callus [76, 77] . Here, we also discuss the challenges of adopting NPs for clinical applications. 
Bactericidal Properties and Synergistic Enhancement of Common Antibiotics
NPs derived from plants that show promising antibacterial activities have high potential to be developed into future antibacterials mainly due to their low toxic effects [143] . NPs have been previously reported to inhibit gram-positive bacteria such as Staphylococcus spp. [4, 5] , Streptococcus spp. [113, 124] , and Bacillus spp. [114, 120] , and gram-negative bacteria such as Escherichia spp. [97, 122] , Pseudomonas spp. [6, 68] , Salmonella spp. [68, 104] , Shigella spp. [97, 129] , Proteus spp. [75, 136] , and Vibrio spp. [101, 129] . More promisingly, NPs have also been shown to inhibit antibiotic-resistant bacteria such as Methicillin-resistant S. aureus (MRSA) [81, 130] and drug-resistant E. coli [123] . Table 1 summaries the antibacterial action of NPs reported in PubMed-indexed journals in the past two years (2016-2017). A total of 107 articles was obtained from Pub-Med search engine through National Center for Biotechnology Information (NCBI) website using four keywords (nanoparticles, green synthesis, plant, and antibacterial) [144] . Out of the 107, 17 articles have been excluded as they do not contain relevant information for this review. These articles included retracted papers, review papers, and other non-plant-derived NP research papers. The remaining 90 articles are reviewed, and the information is tabulated in Table 1 and categorized based on the type of NPs. Since there are various synthetic methods to generate NPs as mentioned in Section 1, the protocol of constructing the NPs tabulated in Table 1 is different from one to another even though they are derived from the same part of extracts. Overall, the most reported NPs are Ag-NPs, Au-NPs, followed by other metal/metal oxide-based NPs and nanocomposites. Most of the NPs have size of less than 100 nm except for a few NPs as shown in Table 1 [2, 62, 63, 81] . From Table 1 , it is also shown that most of the NPs were produced from the plant's leaves rather than other parts of the plants, regardless of type of NPs. Table 2 shows both gram-positive and gram-negative bacterial species that have been targeted by various NPs, and the frequency of bacterial species being studied is tabulated. Gram-negative species that have been targeted the most are E. coli followed by P. aeruginosa, whereas gram-positive species that are mostly targeted are S. aureus followed by B. subtilis and B. cereus. Comparatively, the type and total number of gram-negative bacterial species that are being targeted are more than gram-positive species. This highlights the potential of NPs as antibacterial agents since they could effectively permeate and kill gram-negative bacterial species which are notorious of their difficult-to-penetrate multilayer membranes [145] . This notion can be further supported by recent finding by Acharya et al. which showed a potent killing of AgNPs towards K. pneumonia [146] . FE-SEM analysis demonstrated that the NPs overlaid with K. pneumonia with damaged cell surfaces and disrupted cells due to the interaction with NPs. Similarly, it has also been shown by SEM that AgNPs damaged E. coli by causing a large leakage on cell membrane and the bacteria were disorganized to several parts [147] . The potent antibacterial killings of NPs demonstrate their potential to be developed into antibacterials against gut-related bacteria (e.g., E. coli, P. aeruginosa, B. cereus, K. pneumoniae, S. flexneri, and S. typhi) and skin infection-related bacteria (S. aureus). The collective findings from Table 2 also show that Ag-NPs are the most bactericidal NPs against the gut bacteria such as E. coli, P. aeruginosa, B. cereus, K. pneumoniae, S. flexneri, S. pyogenes, S. typhi) and skin-related bacteria such as S. aureus and S. epidermidis. Followed by Ag-NPs, Au-NPs were reported to be effective in killing E. coli and S. aureus. Interestingly, Table 2 shows that some specific types of NPs were more effective against a particular bacterial type compared to others. For example, ZnO-NPs was effective against P. aeruginosa while Pd-NPs was effective against S. aureus. S. aureus
In addition to exhibiting antibacterial effects, NPs derived from plants can also serve as carriers to deliver antibacterial molecules or drugs to the target cells either via conjugation or nanoemulsions, hence synergistically enhance the antibacterial effect [97, 139] . For example, Kalita and coworkers demonstrated that a gold NP was able to enhance the bacterial killing effects of Amoxicillin against both gram-positive (Staphylococcus spp. And Bacillus spp.) and gram-negative bacteria (E. coli) [139] . Patra and colleagues reported the potential of silver NP synthesized from corn leaves of Zea mays in foodborne pathogenic bacterial killings when used in combination with Kanamycin and Rifampicin [97] . More interestingly, the NP was able to reverse the development of antibiotics resistance by killing MRSA clinical isolates in vitro and in vivo using murine MRSA infection models [148] . The exact mechanism of NPs' synergism with antibiotics remains exploratory. It could be due to (a) generation of additional bactericidal Ag+ ions by NPs [149] , (b) generation of bactericidal hydroxyl radicals by NPs [150] , and (c) effective blocking of the efflux pump for drug-resistant bacterial killing [143] . This synergistic effect could ultimately help in reducing the dosage of antibacterials that may potentially toxic to host system.
The exact mechanisms of NPs against various bacteria remain unknown. There have been several studies supporting the possible mechanisms of bactericidal effects including (a) attachment of large number of NPs on bacterial surface that interrupts respiration and other permeability-dependent functions [97] , (b) generation of electrostatic attraction between negatively charged bacterial cells and the positively charged NPs [151] , (c) inactivation and degradation of bacterial essential proteins [152] , and (d) breakage or damage of bacterial genes following the efficient penetration of NPs [153] . For example, it has been shown that silver NPs permeated into bacterial cells and resulted in significant DNA damages by interacting with sulphur-and phosphorus-containing compounds [154, 155] . Similarly, it has also been shown that silver NPs released highly reactive Ag+ ions and radicals for the antibacterial effects [156] . These ions have also been reported to interact with sulphur-containing proteins in the bacterial cell wall that caused multiple functionality impairs [152] . Raffi and colleagues also showed that the silver NPs could inactivate the bacterial enzymes and generate toxic hydrogen peroxide leading to bacterial cell death [157] .
Plant-derived Nanoparticles as Future Antibacterials
To date, numerous NPs have been approved by either Food and Drug Administration (FDA) in United States, or European Medicines Agency (EMA) in the European Union for various clinical applications including imaging (e.g., Resovist), iron-replacement therapy for anaemia treatment (e.g., Vifor), delivery of anticancer drugs (e.g., Onivyde and MEPACT) [158, 159] , vaccines for viral diseases (e.g., Epaval against hepatitis A and Inflexal V against influenza) [160, 161] , fungal infection (e.g., AmBisome) [162] , and so on. However, none of the currently approved NPs are used for controlling bacterial infection [163] . The only liposomal NP formulations that is undergoing clinical trial is CAL02, which has been designed for bacterial pneumonia management [163] . In this section, we discuss the potential challenges of developing NPs into clinically approved antimicrobial agents. Table 3 summaries some of the limitations and challenges of using plant-derived NPs for antimicrobials development. Undoubtedly, the nano-scale size of NPs has facilitated the cell-penetrating capacity including crossing blood-brain barrier (BBB) [164, 165] , hence improving the target specificity and biological activity. However, the small size may be one of the challenges in the clinical trials. It has been reported that NPs have poor stability and bioavailability under physiological conditions when they are administered into host system [166] . Studies have shown that NPs have been targeted and degraded by various enzymes and proteins from human blood before reaching to target sites [167, 168] . These significantly reduced the biological functions of NPs. To overcome this limitation, several modification methods have been adopted such as conjugation with stabilizer (e.g., serum albumin) [169, 170] , synthesis of stable nanoemulsions [169, 170] , modification of surface chemistry and functionalization [171] , and development of composite NPs [172] . In addition to size, it has also been reported that the NPs' shape and morphology could determine their biological actions and toxicity profile [172] [173] [174] . Some NPs have high tendency to form aggregates as a result of the particle surface chemistry. This may cause unwanted toxicity and drastically limit the access of NPs into the target cells [175] . Toxicity is also attributed to several characteristics of NPs (e.g., chemistry, retention rate, biodistribution, stability, and specificity), mode of administration, and target sites [176] .
There are numerous limitations for NPs productions for biomedical application (summarized in Table 3 ). As the biological functions of NPs highly depend on their shape, size, permeability, and physicochemical properties, manufacturing NPs in industrial scale must strictly adhere to the tight-controlled, consistent, and reproducible standard operating procedure (SOP) and Good Manufacturing Practice (GMP). Another challenge is the heterogeneity of diseases in human. The clinical effect of NPs on infected humans could be very complicated as different individuals present varied profiles (mainly due to the individual's immunity) even though they have been infected from the same source. This will require detailed and organized planning to validate the clinical value of NPs. Following the increase of potential NPs, the experimental design that requires high throughput setup for biological screening is also increasingly demanding. This is also closely linked with automation that allows cost-effective NPs production and, computing and modelling technology that would predict NPs' efficacies or toxicities on target cells. The improvement in high throughput screening and computation will surely boost the development of nanotechnology in biomedical applications.
From an industrial point of view, the chosen synthesis method of NPs-based antibacterials must be compatible for large-scale production. As most NPs possess complex chemical make-up and arrangement of components, retaining these key characteristics in the process of scaling up remains a huge challenge in the manufacturing field. Secondly, the production method has to consistently produce high quality (e.g., size, uniformity, and physicochemical properties) of NPs. The formulation process must be recorded meticulously to ensure high-level of reproducibility. The advancement of modern technology contributed from large high-tech companies and academia will continuously support the production of high-quality NPs in a consistent and timely fashion. 
Conclusions and Future Perspectives
This mini-review provides a recent update on the NPs derived from plants that possess promising antibacterial action. Antibacterial NPs produced from green technology have great potential to be developed into future antibacterials and are able to synergistically enhance the efficacy of antibiotics. While the exact mechanisms remain unknown, a great effort is currently underway to produce a highly potent and robust NPs for clinical use. Understanding the bactericidal mechanism of NPs is also important to control and overcome the emerging issue of bacterial resistance to NPs [177] . As highlighted above, the limitations and potential challenges need to be overcome to maximize the use of NPs to clinical applications. Uniformity, stability, specificity, and toxicity of NPs are the main biological properties in deciding the fate of NPs in clinical application. From an industrial perspective, the development of sustainable process and modern instrumentation is crucial to produce a practical amount of NPs for clinical use [178] . The advancement of nanotechnology and biotechnology are anticipated to boost the use of NPs in biomedical applications in the future.
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